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The southeastern Anatolia comprises numbers of tectono-magmatic/stratigraphic units such as the
metamorphic massifs, the ophiolites, the volcanic arc units and the granitoid rocks. All of them play
important role for the late Cretaceous evolution of the southern Neotethys. The spatial and temporal
relations of these units suggest the progressive development of coeval magmatism and thrusting
during the late Cretaceous northward subduction/accretion. Our new U-Pb zircon data from the
rhyolitic rocks of the wide-spread volcanic arc unit show ages of (83.1  2.2)e(74.6  4.4) Ma.
Comparison of the ophiolites, the volcanic arc units and the granitoids suggest following late
Cretaceous geological evolution. The ophiolites formed in a suprasubduction zone (SSZ) setting as
a result of northward intra-oceanic subduction. A wide-spread island-arc tholeiitic volcanic unit
developed on the top of the SSZ-type crust during 83e75 Ma. Related to regional plate convergence,
northward under-thrusting of SSZ-type ophiolites and volcanic arc units was initiated beneath the
Tauride platform (Malatya-Keban) and followed by the intrusion of I-type calc-alkaline volcanic arc
granitoids during 84e82 Ma. New U-Pb ages from the arc-related volcanic-sedimentary unit and
granitoids indicate that under-thrusting of ophiolites together with the arc-related units beneath the
Malatya-Keban platform took place soon after the initiation of the volcanic arc on the top of the SSZ-
type crust. Then the arc-related volcanic-sedimentary unit continued its development and lasted
at w75 Ma until the deposition of the late CampanianeMaastrichtian shallow marine limestone. The
subduction trench eventually collided with the Bitlis-Pütürge massif giving rise to HP-LT meta-
morphism of the Bitlis massif. Although the development of the volcanic arc units and the granitoids
were coeval at the initial stage of the subduction/accretion both tectono-magmatic units were
genetically different from each other.
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The ophiolites of southeastern Turkey occur in two belts, namely
the Peri-Arabic belt ophiolites and the Southeast Anatolian ophio-
lites (Fig. 1a, b). The Peri-Arabic belt ophiolites including the
Kızıldag and Koçali were emplaced directly onto the Arabian plat-
form to the south of the Bitlis-Pütürge metamorphic massif. The
ophiolites of this belt are genetically linked with the Troodos
ophiolite (Dilek and Thy, 1998) and the Baer-Bassit ophiolite (Al-
Riyami and Robertson, 2002; Al-Riyami et al., 2002; Morris et al.,
2002). In contrast, to the north of Bitlis-Pütürge metamorphic
massif the Southeast Anatolian ophiolites, including the Göksun,
_Ispendere, Kömürhan and Guleman ophiolites were tectonicallyeking University. Production and hosting by Elsevier B.V. All rights reserved.
Figure 1. (a) Distribution of the Neotethyan ophiolites and major tectonic features in the eastern Mediterranean region (from Dilek and Flower, 2003). AC: Antalya Complex; IPO:
Intra Pontide ophiolites; BHN: Beys¸ehireHoyran Nappes; IAESZ: IzmireAnkaraeErzincan Suture Zone; MO: Mersin ophiolite; PO: Pindos ophiolite; VO: Vourinous ophiolite; AO:
Aladag ophiolite; DO: Divrigi ophiolite. Study area is indicated by dotted-box. (b) Main tectonic units and ophiolites of the southeast Anatolia (Yılmaz et al., 1993).
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alkaline volcanic arc granitoid rocks (Parlak, 2006; Rızaoglu et al.,
2009) mainly during the late Cretaceous (Fig. 1a, b). The ophio-
lites in the two belts exhibit a complete ophiolite pseudostratig-
raphy and are geochemically classiﬁed as suprasubduction zone
(SSZ) type (Parlak et al., 2004, 2009; Bagci et al., 2005, 2006, 2008;
Robertson et al., 2006, 2007).
Upper Cretaceous arc-related rocks are associated with the
Southeast Anatolian ophiolites and crop out from west (Göksun,
Kahramanmaras¸) to east (Yüksekova) throughout the Southeast
Anatolia (Fig. 1b). The arc-related rocks are dominated by basic to
silicic extrusive and intrusive rocks. Both intrusive and extrusive
rocks were initially included within the Yüksekova Complex by
Perinçek (1979). The intrusive rocks were interpreted as typical I-
type, calc-alkaline volcanic arc granites which formed along the
Tauride active continental margin as a result of north-dipping
subduction of the southern Neotethys in late Cretaceous (Yazgan,
1984; Yazgan and Chessex, 1991; Parlak, 2006; Robertson et al.,
2007; Rızaoglu et al., 2009). Whereas the extrusives and associatedsedimentary rocks have been interpreted as a tholeiitic ensimatic
island-arc assemblage (Hempton and Savcı, 1982; Perinçek and
Kozlu, 1984; Rızaoglu et al., 2006; Robertson et al., 2007).
In some previous interpretations, the volcanic-sedimentary
assemblage of the Yüksekova complex was seen as representing
an extrusive equivalent of the intrusive rocks (Perinçek and Kozlu,
1984; Yazgan, 1984; Yazgan and Chessex, 1991; Beyarslan and
Bingöl, 1996, 2000). However, this interpretation is unlikely for
several lines of evidences: (1) the extrusive rocks are basic to acidic
and tholeiitic, whereas the intrusive rocks are intermediate-acidic
and calc-alkaline; (2) no upward gradation between a high-level
extrusive rocks and deeper-level intrusive units; (3) calc-alkaline
plutons cut both the extrusive rocks and the directly structurally
overlying Malatya-Keban platform in different places, suggesting
that no overlying extrusive rocks existed at the time of intrusion;
(4) similar extrusive rocks and associated sedimentary lithologies
form the uppermost levels of the _Ispendere, Kömürhan and Göksun
ophiolites in the Tauride thrust belt (Parlak et al., 2004; Rızaoglu
et al., 2006; Robertson et al., 2006, 2007).
F. Karaoglan et al. / Geoscience Frontiers 4 (2013) 399e408 401The aim of this work is (a) to present new U-Pb zircon age
determinations by LA-MC-ICP-MS from the rhyolitic extrusives of
the so-called “Yüksekova Complex” to constrain the timing and
duration of the intra-oceanic island-arc volcanism and (b) to
discuss the spatial and temporal relations of the suprasubduction
zone (SSZ) type ophiolites, intra-oceanic arc volcanism and gran-
itoids between the Bitlis-Pütürge metamorphic massif to the south
and the Malatya-Keban platform to the north along the southern
Neotethys during late Cretaceous.2. Ophiolites, arc-related units and granitoids
The ophiolites, arc-related units and granitoids in the southeast
Turkey are important tectono-magmatic units for the late Cretaceous
tectonic evolution of the southern Neotethyan ocean (S¸engör and
Yılmaz, 1981; Perinçek and Kozlu, 1984; Yazgan and Chessex, 1991;
Yılmaz, 1993; Yılmaz et al., 1993; Beyarslan and Bingöl, 2000;
Robertson, 2002, 2004, 2006; Parlak et al., 2004; Parlak, 2006;
Rızaoglu et al., 2006, 2009; Robertson et al., 2006, 2007; Bagci et al.,
2008; Dilek and Furnes, 2009, 2011; Parlak et al., 2009; Eyüboglu
et al., 2010, 2011a,b,c; Kus¸çu et al., 2010; Mackintosh and
Robertson, 2012). Each of these units will be described below.2.1. Ophiolites
2.1.1. The peri-Arabic belt ophiolites
The general features of the peri-Arabic belt ophiolites are as
follow: (a) they are represented by basic to highly depleted
boninite-type plutonics and extrusives (Al-Riyami et al., 2002;
Bagci et al., 2008), suggesting a fore-arc setting; (b) the volcanics
are locally interbedded with or overlain by metalliferous oxide
sediments (Robertson, 1986); (c) the ophiolites were emplaced
southwards onto the Arabian continental margin during
CampanianeMaastrichtian time (Selçuk, 1981; Tekeli and Erendil,
1986; Inwood et al., 2009); (d) there are no granite intrusions in
the ophiolitic rocks; (e) Eocene contractional tectonics did not
affect the Arabian platform; (f) the age of the Hatay and the Troodos
ophiolites is w92 Ma (Mukasa and Ludden, 1987; Dilek and Thy,
2009; Karaoglan et al., 2013).Figure 2. Synthetic log of the Kızıldag (Hatay), Göksun, _Ispendere, Kömürhan and Gulem
Rızaoglu et al., 2006).Regional geology of the Kızıldag (Hatay) ophiolite and the
surroundings are represented by the autochthonous Arabian plat-
form, the melange unit, the Kızıldag ophiolite and the cover sedi-
ments. The Arabian platform is represented by Palaeozoic clastics to
limestones (Cambrian to Lower Carboniferous) and unconformably
overlying Mesozoic (Triassic to Cretaceous) platform type carbon-
ates (Dubertret, 1953; Dean and Monod, 1985; Tekeli and Erendil,
1986; Yılmaz, 1993; Al-Riyami and Robertson, 2002; Ghienne
et al., 2010). A thin melange unit is observed as small exposures
beneath the Kızıldag ophiolite within the tectonic windows where
the sheared serpentinites comprises large allochthonous limestone
blocks. The age of the blocks ranges from Senonian to Campanian
(Atan, 1969; Aslaner, 1973). The Kızıldag ophiolite displays
a complete ophiolite assemblage that comprises depleted mantle
tectonites, ultramaﬁc to maﬁc cumulates, isotropic gabbro, sheeted
dikes, plagiogranites and a volcanic complex (Fig. 2). Geochemical
data on the crustal rocks (the cumulates, the isotropic gabbros, the
sheeted dikes and the volcanics) suggest that there are two main
types of parental basic magmas that form the Kızıldag (Hatay)
ophiolite. These are the island-arc tholeiites (IAT) and the low-Ti
boninitic series. Spatial and temporal relations of the IAT and
boninitic magma types in the Kızıldag ophiolite indicate that
different magma sources were contemporaneously active in a fore-
arc tectonic setting of the southern branch of Neotethys (Bagci et al.,
2005, 2008; Dilek and Furnes, 2009). The oldest transgressive
sequence covering the ophiolitic rocks is shallow marine sedi-
ments, starting with ophiolite-derived conglomerate and sand-
stone at the bottom and transitional upward into carbonates of
Maastrichtian age (Selçuk, 1981; Boulton et al., 2006; Boulton and
Robertson, 2007). The geological features of the Kızıldag ophiolite
suggest that the emplacement age of the Kızıldag ophiolite is
limited to the late Cretaceous (pre-Maastrichtian).
2.1.2. The Southeast Anatolian ophiolites
The Southeast Anatolian ophiolites are represented, from west
to east, by the Göksun (Kahramanmaras¸), _Ispendere (Malatya),
Kömürhan (Elazıg) and Guleman (Elazıg) ophiolites. The general
features of the ophiolites along the belt are as follows. The ophio-
lites (a) are in general more magmatically evolved, from basic to
silicic rocks (Parlak et al., 2004; Rızaoglu et al., 2006), (b) pelagican ophiolites (from Özkan and Öztunalı, 1984; Parlak et al., 2004; Bagci et al., 2005;
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et al., 2006; Robertson et al., 2007), (c) except the Guleman, most
of the ophiolites and the Malatya-Keban platforms were intruded
by mainly late Cretaceous granitoid rocks (Beyarslan and Bingöl,
1991, 1996; Parlak, 2006; Rızaoglu et al., 2009; Kus¸çu et al., 2010),
(d) the ophiolites are tectonically overlain by the Tauride platform
and in turn tectonically overlie the middle Eocene Maden Group
(Parlak et al., 2004, 2009; Robertson et al., 2006, 2007), suggesting
late Cretaceous and Eocene tectonic emplacement, and (e) available
radiometric dating from the _Ispendere and Kömürhan ophiolites
has yielded ages from 84 to 88 Ma (Parlak et al., 2010; Karaoglan,
2012).
The Southeast Anatolian ophiolites typically display the
complete ophiolite pseudostratigraphy, includingmantle tectonites,
ultramaﬁc to maﬁc cumulates, isotropic gabbros, isolated diabase
dykes, sheeted dyke complex, plagiogranite and volcanics (Figs. 2
and 3) (Özkan and Öztunalı, 1984; Beyarslan and Bingöl, 2000;
Parlak et al., 2004, 2009, in press; Rızaoglu et al., 2006; Robertson
et al., 2007). The contact relations between the units are either
tectonic or transitional. The mantle tectonites are mostly serpenti-
nized harzburgite, serpentinized dunite, harzburgite, lherzolite and
serpentinite. The ultramaﬁc cumulates comprise wehrlite, plagio-
clase wehrlite and clinopyroxenite and they are locally cut by iso-
lated dykes. The maﬁc cumulate rocks consist of olivine gabbro,
troctolites, gabbro-norite, gabbro and amphibole gabbro. The
cumulates exhibit structures and textures indicative of crystal
segregation such as magmatic layering, cross-bedding, slumping
and synsedimentary faulting. The isotropic gabbroic rocks comprise
gabbro, diorite and quartz diorite and in turn intruded by isolated
diabase dykes. The sheeted dike complex shows primary contact
relationships with the isotropic gabbro at its base. The complex
starts with isolated dykes at the basal contact with the isotropic
gabbro, and is dominated by 100% dykes ranging in thickness from
15 cm to 2 m without obvious chilled margins. It is made up with
diabase, microdiorite and quartz-microdiorite. Late-stage plagiog-
ranitic intrusion is observed within the sheeted dyke rocks. The
volcanic rocks are well exposed and mainly represented by basalt
and basaltic-andesite. The volcanic unit is intercalated with volca-
niclastic debris ﬂows and pelagic sediments dated as late
Campanianeearly Maastrichtian (Yazgan and Chessex, 1991).Figure 3. Simpliﬁed geological map of the area between Göksun (Kahramanmaras¸) and Bas
(MTA, 2002).2.2. Arc-related units
The arc-related units known as the Yüksekova Complex
(Perinçek, 1979), the Elazıg Volcanic Complex (Hempton, 1984,
1985) or the Elazıg Unit (Robertson et al., 2007) crop out from
west (Göksun, Kahramanmaras¸) to east (Yüksekova) throughout
the Southeast Anatolian orogen, where they are represented by
alternations of volcanic and sedimentary rock units of
ConiacianeMaastrichtian age (Perinçek and Kozlu, 1984; Yazgan,
1984; Yazgan and Chessex, 1991; Beyarslan and Bingöl, 1996,
2000; Robertson et al., 2007). These units are interpreted as the
upper part of a late Cretaceous ophiolitic assemblage that
includes basic, intermediate and silicic extrusive rocks (Rızaoglu
et al., 2006; Robertson et al., 2007; Parlak et al., 2009). The
volcanic arc-type succession reaches a thickness of w750 m in
the Kömürhan (Elazıg) region (Rızaoglu et al., 2006). Massive to
stratiﬁed lithologies of the volcanic section are pillow lavas, lava
breccias, massive lava ﬂows, debris ﬂow, alternations of volca-
nogenic sandstone and siltstone, siliceous tuff, mudstone-
limestone alternations and columnar-jointed lava ﬂows (Fig. 4).
The volcanic rocks are characterized by basalt, basaltic-andesite,
andesite, dacite and rhyodacite (Rızaoglu et al., 2006). This unit
is interpreted as a tholeiitic ensimatic island-arc assemblage that
formed during a mature stage of SSZ-spreading as the upper part
of the late Cretaceous ophiolites and has no genetic link with the
granitoid rocks (Robertson et al., 2007; Rızaoglu et al., 2009).
Similar volcanic-sedimentary lithologies form the uppermost
levels of the _Ispendere and Göksun ophiolites to the southwest
have been documented (Parlak et al., 2004, in press; Robertson
et al., 2006, 2007; Rızaoglu et al., 2006). The arc-related
volcanic-sedimentary rocks are overlain by shallow marine
limestones which contain neritic fossils of late Campaniane
Maastrichtian age in Elazıg area (Aksoy et al., 1996, 1999) and
by sandstone, pebbly sandstone, conglomerate at the bottom and
followed by micritic limestone, marl and calcarenite which
contain fossils of CampanianeMaastrichtian in Göksun-Afs¸in
region (Perinçek and Kozlu, 1984). The contact was interpreted
either to be an angular unconformity (Perinçek, 1979; Perinçek
and Kozlu, 1984) or transitional at least locally (Robertson
et al., 2007).kil (Elazıg), showing the distribution of ophiolites, granitoids and metamorphic massifs
Figure 4. Measured log of the arc-related volcano-sedimentary rocks of the Kömürhan
(Elazıg) ophiolite (from Rızaoglu et al., 2006).
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The granitoid rocks in Southeast Anatolia are exposed in the
Göksun (Kahramanmaras¸), Dogans¸ehir (Malatya), and Baskil
(Elazıg) regions (Fig. 3). The intrusive rocks have been variously
termed along the Southeast Anatolian orogen as the Baskil
Magmatic Rocks (Aktas¸ and Robertson, 1984; Yazgan, 1984), the
Elazıg Granitoids (Turan and Bingöl, 1989, 1991; Beyarslan and
Bingöl, 2000), the Baskil Unit (Robertson et al., 2007), the Baskil
Granitoid (Rızaoglu et al., 2009) or the Esence granitoid (Tarhan,
1986; Parlak, 2006). The Ar-Ar and K-Ar isotopic age determina-
tions on the intrusive rocks yielded 85e70Ma cooling ages (Yazgan,
1984; Parlak, 2006; Rızaoglu et al., 2009), other than the
Dogans¸ehir granitoid. Recent U-Pb zircon data from these intrusive
rocks yielded 82e84 Ma crystallization ages (Karaoglan, 2012).
These rocks intrude some of the metamorphic massifs, ophiolites
and volcanic arc units of the Southeast Anatolia. Locally, the gran-
itoids also have a tectonic contact relationship with the Malatya-
Keban platform.
The granitoid rocks in Baskil (Elazıg) region form the largest
intrusive body and comprise both maﬁc and felsic plutonic to sub-
plutonic rock associations (Rızaoglu et al., 2009). The felsic plutonic
to sub-plutonic phases include granite, granodiorite, tonalite,quartz monzonite, aplite, granophyre, granite porphyry and
granodiorite porphyry. The granite and granodiorite contain maﬁc
microgranular enclaves (MME). The maﬁc plutonic to sub-plutonic
phases comprise gabbro, diorite, quartz diorite, diabase, micro-
diorite, quartz-microdiorite, diorite porphyry, quartz diorite
porphyry and dykes of orbicular gabbro (Rızaoglu et al., 2009). The
granitoid rocks in Göksun (Kahramanmaras¸) region are mainly
composed of granodioritic and granitic in composition (Parlak,
2006). The granodiorite contains a number of amphibole-bearing
maﬁc microgranular enclaves of different sizes, whereas the
granite is intruded by numerous aplitic dikes. Geochemically, the
granitoid rocks have I-type, metaluminous-peraluminous calc-
alkaline characteristics, similar to Andean-type volcanic arc gran-
itoids. These rocks are interpreted as being formed along the
Tauride active continental margin as a result of north-dipping
subduction of the southern branch of Neotethys during late
Cretaceous time (Parlak, 2006; Robertson et al., 2007; Rızaoglu
et al., 2009).
3. Analytical methods
Two samples of the rhyolites associated with the arc-related
rocks from the top sections of the Kömürhan and Göksun ophio-
lites were collected for LA-MC-ICP-MS zircon U-Pb analyses. The
LA-MC-ICP-MS analytical work was performed at the Laboratory of
Geochronology, Center for Earth Sciences, University of Vienna.
The sample preparation procedure for zircon includes crushing,
sieving (0e250 mesh size fraction), wet-sieving, heavy liquid
(diiodmethane> 3.2 g/cm3), magnetic separation and hand picking
under binocular microscope. The handpicked inclusion-free zircon
fractions were mounted in epoxy and polished prior to CL imaging
and LA-MC-ICP-MS analyses. CL imaging was performed with
a JEOL JSM 6310 SEM with 15 kV acceleration voltages at the
Institute of Earth Sciences, University of Graz.
The cathodoluminescence (CL) images of the zircon crystals
dated were obtained before LA-MC-ICP-MS dating, to distinguish
between different zircon domains, as well as after LA-MC-ICP-MS
measurements to conﬁrm the precise location of the spots/line
paths. CL images, besides providing useful information on the
formation history of the zircons, help to identify the existence of
more than one zircon domain (i.e. cores, rims) and therefore enable
one to avoid the analysis of mixed age areas. In general, weak CL-
emission (darker areas in the images) corresponds to high
amounts of minor and trace elements; strong CL-emission (lighter
areas in the images) reﬂects low amounts of minor and trace
elements, including U (e.g. Sommerauer, 1974; Corfu et al., 2003).
Thus, the U-contents can be qualitatively predicted via CL.
Zircon 206Pb/238U and 207Pb/206Pb ages were determined using
a 193 nm solid state Nd-YAG laser (NewWave UP193-SS) coupled to
a multi-collector ICP-MS (Nu Instruments HR). Ablation in a He
atmosphere was raster-wise according to the CL zonation pattern of
the zircons. Line widths for rastering were 25e50 mmwith a raster-
ing speed of 5 mm/s. Energy densities were 5e8 J/cm2 with a repe-
tition rate of 10 Hz. The He carrier gas wasmixedwith the Ar carrier
gas ﬂow prior to the plasma torch. Ablation duration was 60e120 s
with a 30 s gas and Hg blank count rate measurement preceding
ablation. Ablation count rates were corrected accordingly ofﬂine.
Remaining counts on mass 204 were interpreted as representing
204Pb. Static mass spectrometer analysis was as follows: 238U in
a Faraday detector, 207Pb, 206Pb, and 204(Pb þ Hg) were in ion
counter detectors. 208Pb was not analyzed. An integration time of
1 s was used for all measurements. The ion counter-Faraday and
inter-ion counter gain factorswere determined before the analytical
session using standard zircon Plesovice (Slama et al., 2008). During
the analytical session of samples (FK10 and FK48) all mass and
Figure 5. LA-MC-ICP-MS concordia age and CL zircon images from the arc-related rocks in the Kömürhan (Elazıg) ophiolite.
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ratios, respectively, were corrected using just the standard brack-
eting method. The calculated 206Pb/238U and 207Pb/206Pb intercept
values are corrected for mass discrimination from analyses of stan-
dard Plesovice measured during the analytical session using a stan-
dard bracketing method. The correction utilizes regression of
standard measurements by a quadratic function.
4. U-Pb geochronology
The zircons mineral fractions used for LA-MC-ICP-MS U-Pb
analyses constitute the main accessory mineral phase in the rhyo-
lites and are the main U carrier phase.Table 1
LA-MC-ICP-MS data set for the analyzed zircons. The standard used during measuremen
LamTool-U-Th-Pb ver: 090210 Blank corrected intensities (in V)
File name 204Pb 206Pb 207Pb 208Pb 238
FK10 100225_pl_024 0.000001 0.001542 0.000045 0.001542 0.0
100225_pl_025 0.000001 0.001484 0.000045 0.001484 0.0
100225_0610_203 0.000001 0.000060 0.000002 0.000060 0.0
100225_0610_204 0.000001 0.000392 0.000011 0.000392 0.0
100225_0610_205 0.000015 0.000001 0.000015 0.0
100225_0610_204b 0.000002 0.000570 0.000016 0.000570 0.0
100225_pl_026 0.000001 0.001580 0.000046 0.001580 0.0
100225_pl_027 0.001647 0.000048 0.001647 0.0
100224_pl_025 0.000001 0.001935 0.000083 0.001935 0.0
100224_pl_026 0.000001 0.001815 0.000078 0.001815 0.0
FK48 100226_pl_006 0.001887 0.000081 0.001887 0.0
100226_pl_007 0.001895 0.000081 0.001895 0.0
100226_0948_086 0.000001 0.000012 0.000001 0.000012 0.0
100226_0948_093 0.000001 0.000247 0.000010 0.000247 0.0
100226_0948_097 0.000001 0.000308 0.000012 0.000308 0.0
100226_0948_124 0.000102 0.000004 0.000102 0.0
100226_0948_126 0.000036 0.000002 0.000036 0.0
100226_0948_139 0.000001 0.000034 0.000002 0.000034 0.0
100226_pl_008 0.000001 0.001549 0.000066 0.001549 0.0
100226_pl_009 0.000001 0.001394 0.000059 0.001394 0.0
100226_0948_147 0.000166 0.000007 0.000166 0.0
100226_0948_153 0.000001 0.000728 0.000030 0.000728 0.0
100226_0948_155 0.000056 0.000002 0.000056 0.0
100226_0948_156 0.000052 0.000002 0.000052 0.0
100226_0948_159 0.000001 0.000514 0.000020 0.000514 0.0
100226_0948_162 0.000001 0.000358 0.000014 0.000358 0.0
100226_pl_010 0.000001 0.001316 0.000056 0.001316 0.0
100226_pl_011 0.000001 0.001217 0.000052 0.001217 0.0The zircons analyzed in the rhyolite (FK10) of the Kömürhan
ophiolite form 100e150 mm long prismatic and rounded, euhedral,
colourless transparent crystals. The CL images reveal that all zircons
consist of only one type of domain with well developed oscillatory
zoning, which implies co-magmatic crystallization of the zircon in
the melt (Fig. 5). Only three prismatic and/or rounded zircons were
dated by LA-MC-ICP-MS. Two of the zircons yield a concordia age of
74.6  4.4 Ma within the analytical uncertainties (Fig. 5). The third
one was not used due to data reduction procedures (i.e. high error,
excess Pb, U or Pb loss). The analytical results and standard cor-
rected ratios are given in Table 1.
The zircons analyzed in the rhyolite (FK48) of the Göksun
ophiolite form 80e150 mm long rounded, euhedral, and colourlessts (Plesovice zircon; Slama et al., 2008) named as “pl” in the table.
Standard corrected ratios
U 207Pb/235U 2RSE (%) 206Pb/238U 2RSE (%) Rho 207Pb/206Pb 2RSE (%)
11581 0.3928 8.82 0.0537 8.77 0.50 0.0529 3.43
11300 0.3880 7.82 0.0513 8.96 0.57 0.0558 5.27
01945 0.1021 47.74 0.0122 21.18 0.22 0.0598 50.98
13755 0.0782 9.79 0.0113 8.48 0.43 0.0497 4.10
00507 0.2095 9.01 0.0119 12.47 0.69 0.1133 8.20
19844 0.0795 13.06 0.0114 12.42 0.48 0.0509 5.74
11931 0.3839 32.90 0.0529 32.37 0.49 0.0527 2.83
12266 0.4052 28.87 0.0553 28.75 0.50 0.0529 2.44
12183 0.3933 10.51 0.0537 9.62 0.46 0.0531 1.69
11488 0.3864 10.98 0.0531 8.81 0.40 0.0531 1.82
11033 0.3913 6.20 0.0535 7.11 0.57 0.0532 2.11
11082 0.3925 23.57 0.0535 23.83 0.51 0.0532 1.97
00291 0.2659 10.81 0.0131 15.58 0.72 0.1216 6.32
06143 0.0924 6.81 0.0125 3.93 0.29 0.0539 7.90
07627 0.0880 4.99 0.0127 3.42 0.34 0.0496 4.23
02615 0.0923 11.09 0.0124 5.40 0.24 0.0547 12.28
00909 0.0918 21.71 0.0123 14.28 0.33 0.0542 14.20
00865 0.1126 7.92 0.0124 5.23 0.33 0.0632 7.00
09146 0.3918 7.92 0.0533 7.22 0.46 0.0534 2.17
08138 0.3960 7.67 0.0540 8.21 0.53 0.0530 2.58
04198 0.0913 7.47 0.0126 3.49 0.23 0.0524 7.04
17248 0.0892 10.76 0.0132 7.34 0.34 0.0488 5.65
01420 0.0882 97.14 0.0118 52.15 0.27 0.0528 60.86
01305 0.1047 21.99 0.0129 5.55 0.13 0.0602 23.20
12412 0.0899 9.35 0.0130 9.52 0.51 0.0508 4.97
08672 0.0937 20.07 0.0138 18.57 0.46 0.0484 5.06
07780 0.3940 22.46 0.0542 21.92 0.49 0.0534 2.84
07193 0.3927 22.44 0.0532 24.10 0.54 0.0531 2.29
F. Karaoglan et al. / Geoscience Frontiers 4 (2013) 399e408 405transparent crystals. Some of the analyzed zircon crystals were
seen as broken from one or two edge(s) of the grain. The CL images
reveal that the zircons consist of only one type of domain with
oscillatory and sector zoning (Fig. 6). Twelve prismatic and/or
rounded zircons were dated by LA-MC-ICP-MS. Three of the zircons
yield a concordia age of 83.1  2.2 Ma within the analytical
uncertainties (Fig. 6). The rest of the measurements were not used
due to data reduction procedures (i.e. high error, excess Pb, U or Pb
loss). The analytical results and standard corrected ratios are given
in Table 1.Figure 7. Tectonic cartoon showing the development of SSZ-type ophiolites, arc-
related volcanic-sedimentary units and granitoid intrusions during the late Creta-
ceous subduction/accretion in the northern part of the southern Neotethys.5. Discussion and conclusion
Comparison of the ophiolites in terms of (i) the internal stra-
tigraphy, (ii) the petrology of the crustal rocks and (iii) the contact
relations with the neighbouring tectonic units suggests the exis-
tence of two separate SSZ-spreading centres in the southern Neo-
tethys, one to the north and one to the south of the Bitlis-Pütürge
massif. Another evidence, supporting the existence of two separate
oceans has been inferred from the Bitlis and Pütürge metamorphic
units. They were affected by HP/LT and LP/LT metamorphism both
during the latest Cretaceous (Oberhansli et al., 2010). This suggests
that rifted continental blocks from the Arabian platform subducted
and then exhumed at w74 Ma during closure of the southern
Neotethys. Robertson et al. (2012, in press) documented that the
ophiolitic rocks located between the Malatya-Keban platform and
the Bitlis-Pütürge massif represent the site of a Mesozoic oceanic
basin, termed as the Berit ocean. The late Cretaceous ophiolites and
an incipient volcanic arc formed above a north-dipping subduction
zone within this ocean.
Tectono-magmatic/stratigraphic units of the Southeast Anatolia
such as the metamorphic massifs (Malatya-Keban platform), the
ophiolites (Göksun, _Ispendere, Kömürhan and Guleman), the
volcanic arc units (Yüksekova Complex/Elazıg Volcanic Complex/
Elazıg Unit) and the granitoid rocks (Göksun and Baskil) play
important role for the late Cretaceous evolution of the so-called
Berit ocean. The Southeast Anatolian orogenic evolution involved
progressive relative (southerly) movement of the nappes towards
the Arabian plate during late CretaceouseMiocene time (Yıldırım
and Yılmaz, 1991; Yılmaz, 1993; Yılmaz et al., 1993; Robertson
et al., 2006, 2007).
The spatial and temporal relations of the ophiolites, the arc-
related volcanic-sedimentary units and the granitoids from the
Southeast Anatolian belt suggest the progressive development ofFigure 6. LA-MC-ICP-MS concordia age and CL zircon images from the arc-related rocks in the Göksun (Kahramanmaras¸) ophiolite.
F. Karaoglan et al. / Geoscience Frontiers 4 (2013) 399e408406coeval magmatism and thrusting during the late Cretaceous.
Northward intra-oceanic subduction in the Berit ocean (Robertson
et al. 2012, in press) began, and the ophiolites (Göksun, _Ispendere,
Kömürhan and Guleman) formed in a suprasubduction zone (SSZ)
setting from 84 to 88 Ma (Fig. 7a). At the more mature stage of the
suprasubduction zone life cycle (Shervais, 2001) in the Berit ocean,
awide-spread volcanic-sedimentary unit was developed on the top
of the SSZ-type crust during 83e75 Ma (Fig. 7bed). The nature of
the volcano-sedimentary units interbedded with the lavas, the
major and trace element geochemistry of the volcanic rocks, as well
as their wide compositional range from basalt to rhyodacite suggest
that this assemblage represents the upper levels of an intra-oceanic
volcanic arc. Robertson et al. (2007) stated that during the forma-
tion of the volcanic-sedimentary unit in CampanianeMaastrichtian
time the ocean ﬂoor was highly irregular, presumably related to
construction of small volcanic ediﬁces, coupled with frequent mass
wasting to form debris ﬂows and volcaniclastic turbidites. The
background sediment was pelagic carbonate without terrigenous
input. Related to regional plate convergence, northward under-
thrusting of SSZ-type ophiolites and volcanic arc units was initiated
beneath the Tauride platform (Malatya-Keban). Under-thrusting of
these units beneath the Tauride platformwas then intruded by the
I-type calc-alkaline volcanic arc granitoids during 84e82 Ma
(Fig. 7c). New U-Pb ages from the arc-related volcanic-
sedimentary unit and granitoids indicate that under-thrusting of
ophiolites together with the arc-related units beneath the Malatya-
Keban platform took place soon after the initiation of the volcanic
arc on the top of the SSZ-type crust. Then the arc-related volcanic-
sedimentary unit continued its development and lasted atw75 MaFigure 8. Summary diagram showing the temporal relations of the ophiolite, arc-
related volcanic-sedimentary unit and granitoids in SE Anatolia.until the deposition of the late CampanianeMaastrichtian shallow
marine limestone (Perinçek and Kozlu, 1984; Robertson et al.,
2007). The subduction trench eventually collided with the Bitlis-
Pütürge massif giving rise to HP-LT metamorphism of the Bitlis
massif (Oberhansli et al., 2010).
In summary, the geochemistry and the U-Pb geochronology of
the arc-related volcanic-sedimentary unit and the granitoids
suggest that these two units are genetically different from each
other. In contrast, development of both tectono-magmatic units are
coeval at the initial stage of the subduction/accretion beneath the
Tauride platform (Fig. 8).
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